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Abstract

This habilitation thesis is a selectisith comment®f my 12 peerreviewedpapers that
are focusean the determinatio of the biological activity of plant phenolic compounds. The
aimwasto find compounds with antioxidant, amtiflammatory, and antidiabetic effedhat
could helpin thetreatment of hyperglycemia in patients with type 2 diabetes mellitus (T2DM)
and aleviae its longterm complicationsin the introduction | briefly describe my field
Amol ecul ar phar macy o an dhe setohdpan ffocuses brine publ
pathophysiology of T2DM. Ththird part concentrates on various natural phenolics and the
antioxidant, antinflammatory, and antidiabetic effectand a comparison ofthe different
methodshatare used to determirteese Thelast subchapter deals withe encapsulation of
natur al phenolics to I mprove dorhpeund witsao |l ub i |
combinatiorofe f f ect s 0 i s s h o wiithegeranglateshitadarone diplaconz.o u n d
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Diabetes mellitus (DM) is a chronic metabolic disease with high morbidity and morttity
symptoms are increased thirst, frequent urina@owl slowhealing sores. On the biochemical
level, themain characteristiof DM is hyperglycemia. There are two basic types of DM: type
1 (T1DM), caused byn absolute deficiency ahe hormone insulin, and type 2 (T2DM), in
which the blood levebf insulinis normal, but its effect is suppresdgglinsulin resistance.
According to he International Diabetes Federation (IDF), 537 million adults were living with
DM in 2021, and the number is projected to rise to 783 million by'2045

DM has accompanied humankind since time immemorial. The first reference is attributed to
Ancient Egypian medicine, specifically to the Ebers Papyrus from c. 1550 B@tat was
probably DM was described s an @xcessive urination disea@stor which thefollowing
treat ment mi xt uA neeaswriagglass ffiledvatin wakeeflbm thdibird pond,
eldaberry, fibres of the asit plant, fresh milk, beswill, flower of the cucumber, and green
dated. o

As can be seen in the example of DNhumans have usqaantsfor treatment for centuries
and thus herbal medicine (phytomedicine or phytotherapy) hasgdasef every medical
system in historythe Eber Papyrus in Ancient Egypt, Ayurvedic medicine in India, Shennong
Ben Cao Jing a book of prescriptions in traditional Chinese medicaralthe Hippocratic
Corpus in Greece. The traditional drugs were usedifferent formulations and extracts,
whereas thdirst active compounds were isolated from natural soudcesg the nineteenth
century and enterededicalpractice, starting with morphineolatedin 1805by the German
phar maci st rReri edri ch Sert ¢

The importance of natural products for medicine can be highlighted using two egeeaid
Based on estimates by Newman and Cragmre than half of the medicinal compounds used
in current practice are directly of natural origin or segmtheticallymodified. Moreover, the
Nobel Prize for Physiology or Medicine in 2015 was awardaté@hinese pharmaceutical

chemist Tu Youyou for the discovery of artemisinin, an effective antimalarial natural product

*https://diabetesatlas. or g/
#SandelDsabet ex0 Bpes®BEq.1 )X ps: // dois et/ . 10D5.2B8.356 di a

*Newman DJ, JCrNagg OPB®;d8 38 03B t:t7p7:0/ / doi . org/ 10..1021/ acs.
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https://diabetesatlas.org/
https://doi.org/10.2337/diaspect.15.1.56
http://doi.org/10.1021/acs.jnatprod.9b01285

(hence her quote)rherefore,there isrenewedinterest infinding new medicines in nature
nowadays.

This work aims at determimg theantidiabeticactivity of natural phenolic compounds together
with their antioxidant and antinflammatory activity This approach might not only decrease

hyperglycenma but also alleviate lonterm complicatior associated with this disease.
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This thesis is a collection oRJpeerreviewed papers published between 2010 and 2025. All

the paers concentrate on the effects of natural phenolicallemiating the symptoms or
complications of T2DM. The firsh papers describe their antioxidant effésthe following

2 papers focus on their astiflammatory potenti&l, 2 pars concentrate on the antidiabetic

effect$ , &nd finally,3 papers describéhe encapsulation of natural phenofi %o enhance

their solubility and biological activity.

The key question of my researchisAr e t here any nat uhataatre pheno
effective as antioxidant, artiflammatory and antidiabetic agentsf?As proof of ths concept
thegeranylated flavanone diplacone will be highlighted throughout the thesis.

Mycontri bul2peeevioewbe 4adrticles is summari zed

1Yremj , Sthe jGkoamp,r ekhnensi ve Reviews in Fd&dd Sci e
72038 (I F = 5.974).

Experi ment a Supervi si ( Manuscri pt Research di
- - 75 50
2) Zima, Aremiiosdkehy). P.; Prazanov¥, 80| ecap
2010, 630,496 Q3 F=1.988) .
Experi menta Supervi si t Manuscriptf Research d
35 - 25 25
3)Treml , Simej kal , K. ; Hos ek, J. Zeml-48%a, M
(I'F=1.193) .
Experi ment a Supervi si Manuscri ptf Research di
100 - 80 50




4 Trem|], L8l akova, V., Smej kal, K. ; Paul i ckova

Padrtova, T.,; Hosek, J. Biomolecules 2019, 9
Experi ment a Supeomni 606 Manuscriptf Research di

25 50 75 50
5)Trem] ,Vdcerova, P. Herczogova, P.; Smej k al
Experi ment a Supervi si t ManuscriptResearch di

75 50 100 75
6 Mal aniTkh,emy.,Ldl. akova, V.; Nykodymova, D.; Or
Bi oorganic Chemistry 2020, 104, 104298 (1 F=
Experi ment a Supervi si Manuscri ptf Research di

- 50 25 25
7 Mol canolragmiL .Bd ezamMar sVY.k, P. ; Kur han, S. ;
Smej kal . K. Journal of Ethnopharmacol ogy 202
Experi ment a Supervi si t Manuscri ptf Research di

30 - 25 25
8)r eml. ; NykodT mov §, D.gchkkmbat kg, RRB.VI ePvhsyt
10. 100 70 ZBH011%01( | F=7. 300) .
Experi ment a Supervi si Manuscri ptf Research di

- 25 90 100
9)remj ,V8cl avzk, J.; Mol!.anov§, L. ; Lul enov 8§
Dir&chM.; Weghuber, J.; Gmej kalCheKi2s0i2o5y,r nal
doi: 10.1021/acs.jafc.4¢c11398 (I F=5.700)
Experi ment a Supervi si Manuscri ptf Research di

40 - 90 100
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10)remj , Sdl amunova, eR,; JHakoeod & FuH@%$ST7Ton 20
(' F=6.317) .
Experi ment a Supervi sit Manuscriptf Research d

75 - 80 25
11%3al amunova, P.; Cuplaleayh g Rdlp.hjuyMaGer sliSane | Ma
Stepanek, F.; HanudanternathMosneak Journal of Bi

169,4843(1 F=8.025) .

Experi ment a Supervi si ¢ Manuscriptf Research di

- 50 25 25

12Ny kodT,Bioso8 | an dkwg o uwl hakg e KT,r edniChedni st ryOpen
2052d010. 1002/ ope(n.F2=0DH00209

Experi ment a Supervi si Manuscri ptf Research di

- 75 25 50
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I am currently the Head of the Depaent of Molecular Pharma¢ipMP). The t er m fimol e «
p h a r misangoigism reflecting the connection between pharmacy, medicinal compounds
and their effects and cellular and molecular biology. This is visible noirotty repertoire of

the subject taught by the DMP, but also in thesearch areas of its staff.

The designation oDMF wascoined bymein 2020, when the Faculty of Pharmacy rejoined
Masaryk University and there was an interes
MolecularBiolgy and Phar maceut ireveefetwB soortegds ihspiratioro gy 0 .
The Molecular Pharmacy research grougPadf. Dr. Daniel Ricklinfrom the University of

Basel, Switzerlandwhich aims afidrug discovery and screening of therapeatincepts® 3

andthe Molecular Pharmacy laboratory ofiniv.-Prof. Dr.rer.nat. Valery Bochkofrom the

University of Graz, Austria aiming dthe development of dular models for screening of

natural products as well as synthetic substandes

My peerreviewed publicationgiclude 33 peereviewed scientific articles 12 of them have

already beepresented ithe previous section and the remaining\&ill be briefly introduced
11



here.The first groupof articles concentrates tine determination of biological activity on cell
cultureandin vitro assaysMost of the research was done watlantor mushroonextracts o

isolated natural product$he pubications are summarized in Table 1.

Publication The main outcome

Kuczmannd> Agri moni awatugratéomicrn@aig ess s

antioxi damrnotpehcatgame s DNA fr o

i n woupnd healing.
Stastny et at.® Pl eur ot U smdutlshacbreo | iirca de xctarl a cst
activity; chlohobot moaxbf. a
P. ostamitanfulsammat oirryhialeit ti ivo n

f a caB (NrFaB).

Rybmk§S'7e{ Schisandriad behmneanoygcthkoo()ga di

J showed bo(tdelalnuli arx i aratnitaornxg
anitmf |l ammbedBdarcyt i vi ty.

Peront®et|] Citrus PDiGOeasdges ofe eRktbrearcat

si gniafnitciaonxti dant -i (nGCA A)MMmkkEBD) r

activity.

Vasil é¥% Astragal uiguteh r6@®dD@ps of u-¢ En 2
b-D-gal act o psyhroavndagly iechd e st i nhi
col |l agedaskast ase

Dvor s k& ¢ Aronia méfrantappiald ixidmroavct

antitumort 4etli mouyeiadenoc

Madn2 k?'t| Zi zi phora cluibbppgédbeabatddr
were abl 8gtowcomshdédpedmol i c 4

t ranslodc adLilold = aittyi.di a
Dvor sk ( Hi ppophae frrhiaimn opiederls winxitdmr oavc

antitumor 4T1i moruecasrtic i tntbera

Tablliummary of my publ bcaltoghsesabnathevibpiof

i n calnildol ast.ay s
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| have also cauthored a review articlsummarimng the available ethnobotanical,
phytochemical, and pharmacological infation abouthe traditional Amazonian medicinal
treeMaytenus macrocarga Moreover, in other three publications | have concentrated on the
determination of antiproliferative effects of synthetic compounds, wiiete tested also in
other assaysN-phenylpiperazinederivatives with potential antibacterial and antifungal
effectg ¢ siliconbased carbamate derivative with potential inhibitory effeciaoetyt and
butyrylcholinesteragey and (4-oxo-2-thioxothiazolidin3-yl)acetic acidsas potential aldose
reductase inhibitofs® The compounds were screened to confirm whether the concentrations
determined in other assays are safe ametoxic for human cell cultureand thus whether their

future development makes sense.

The second group of articles deals with microbiological toids.o v r a n adetdmired a |
antimicrobial activity, synergismwith antibiotics and membrane disruptiof prenylated
phenolics isolated fronMorus alb& “and Paulownia tomentogs againstStaphylococus
aureus Helcman et a).on the other hanaoncentrated otheinhibition of a bacterial process
called quorum sensingy cannabinoids and other plant phenoli@sorum sensing iacell-to-

cell communication that allowsacteria to share information abqdpulationdensity ° The
other four articles werebased on cooperation wittne Department ofPlant Origin Food
Sciences, Veterinary Universitfhe antimicrobial effect was determined éafible films from
carrageenan/orange essential oil/tren@l§seaps from reused plant fried%flchitosan edible
films with plant extacts ? andchitosan films with nanometdlg| have also cauthored two
review articlesi one dealing witmatural products possessing antiviral effect against herpes
simplex virusl and 2 4and the other abosulfate reducing bacteria gut microbiota and their

involvement in inflammatory bowel diseadés

~ ~
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Hypergl ycemi at hpeat hophbhisoBO@gY and can be def |
glucose concenMwhenomeabaoved6adbt emr 8 Mours o
t wo hours  QRefrtseirsteantti nogr) .uncompensated hyper
complicat,wbns ho imabgvfoeustt tthher onuh ol et hems c mlaar f ®

examaphliegh gl ucose concentration causes ,alterasa
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and edema. Diabetic retinopathy affects 30%
|l ongerdr es sl t iAsisbildemtdenre sosr.attibkendappeawbera in
gl omerul ar pressure ananeheydpoefrdrn | teabdl omdi mhy
hyperglycemia increases the risk opodaucgar di ov

di abetic peripheralswnemvanpnanehbyg,owt ding #Hiempgrtso md

preval emocse, ctomemon complication in patients
(27. 8%) , foll owed by foot pr obadnednse y(ep ad @ama ¢
(18 .29 %)

The pathophysiology of chronic diabetic comp
its progressi en iad soxidedti inea Qtshpasodiumb abanca
reactive oxygen hapteico xisd 4 mRtOGceE la [@anlda t YAmiend la b o | |
concentration of t gheeuxcooksien af suel | eyn zsyantautriact ecsa p a c
met abdl it ©htr loproglhy o | pat hway. As a resul t, ni c
( NADH) acaunculsathseequeasntbygt eNeAtDeHe so xdasdase t o g
ROSdamaging cells. theel folnapatphwaw,csistoomféd i t ol
retlieadi ng t OFiglieropat hy

Mor eover, glucose spont agrreoowpssl yi mr emrcd tse iwi st hf
basAkvanced gl-prcadu mtns e(nAIGEbsy) falréel ofwa rnmge dc o mp
reactions. The AGEs partici pBWibaectiinvattiisosnu el edaa
i nfl ammati on and@hexgdiattii wen otfr eBRGS t hhen act
i nfl ammatory factors and tBi (-d3Bpat Mihaeyse, faw
further activate i nnahtfeorimamuinoint yofc enhdrse aR@s,l|
ivici owef cposietive feedback betweé¢FRi BOBepdddl
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™ Polyol pathway Infl )
@ & 2 NADH nflammation

. ROS T2
IS N \
Hyperglycemia

ST P

AGEs —
T Cellular damage
Fi guirTehel compl i c aitiinovnosl voefmeTn2DM f oxi dati ve st
An i mportant part of mad@a dgiinfge sT 3 Dhde tiagrdgc da re

measur eschionocsliundge dr i nksgawvri,t heat icragldwliledeaegr ai
red meat and ihstietndaedt vegemables, addeinmgg s
heal thier fats into the dietréddumsiahgedmownt,
and gettingndhmi vétamsnsrom>#ood instead fro

Subsequent plasmakcbyhieniapiyd® eTdh iwsi tbhi gnueatnfiodremiz
enhamnbdetsi | i zati on of glucose in skeletal mu
gluconeogetee yeg ucnthealbliyyuani des originate f
i sol attetpel fBedlma of Li c( Fa’Biasfe a) ment with met
accompanied by gastrointestinal probl ems, S

complication is | actate acidosi s.

For patients with cardiovascuilam, dglsiefals@z ian
sodium/ glucose cotransporter 2 (SGLT2) inhib
t SeGLT2 protei nshreeadbmom pitb loehkdodmglyescaséd  hus
gl ycaemia. Ot her padiginien wgltihp tTi2rDsvM (md ighd p tbi
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i nhi bitors), pioglitazone fasomfohgl greapdef i
combinati-loinse odr dgg sare mbypefgbygtemdajenagecr
gluc-bgkda iilep GOP receptor might be offered. T
Ssubcutaneous injections and | ead to signific
obesity accompanies T2DMfrommbhtt fimegdsiemipnalor
compound semiglutide martkhbar @ach db y a Mmie sacéxzussoepdd ic s |
afr evobiutt lit@reat menft’?Aobt bledssimhyi ibddmbusoefdase,

as acarbose. ,Uploems st hgli uc oesfet higs stabcsiombest ifmra
I nsulinotherapy is added when tlthe patient su
Recentl vy, researchers startedt h®momposudi on

mi cr oor gtahggasing oiimt esti nal tract ofbiTo2@M pratii:
very ceompdywestoanposed of bact er jaan,d aprrconthaezad, a rf ,u
the studies have shown gut mi crobiota dyshbi
patiiemaismdleyr eased afbkuknedrammacnes i ialf Eme ciahi plact er
prausniatnai iot her s. It was hypothesized (and

these bacteria in in form of probiot4i¥!s migh

Al t hough the topic of habDeMmamyd wdlslt pdeaseamraisine
great need to improve treatment $Asatwedi eDes
described in the following chapter, tnhaet ur al
hypoglycemic ef étetecoh@nman &lfs@cals*®Vi aatyper gl yc
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Natur al phenol i c c¢omp oduenfdisn e(do ra sp | manttu rpahle nporl o
one phenolic functional group. Thwhyi cabr eman edse
them the most abundant secondary metabolite
current Ay krcwmdbaorly t @est natur al pheeati cs a
growth and reproduction of pé @aomlt @ gibaal pil mtye
Qui dealvape opbsed fiphlaan tt hoshleoaollnd clse only wused
met atbeosl i ari si ng bi ogenetically from the s |
Mol ylbatedat e/ mal onate p&tgWwag¢® @) both of t he
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The capacity ©B&anipzZleannhat upradb aph ¢ n od vioclsv e d du
t er ia &asttiroan t FPea lmiedo bet weena480 and .36Dumiinnd itolr

adapt altii foem ®@n dry | and, pl ants hadewvol sedvi
pat hwatlydi 6eynt hesi s of phenolics. Mor eover,
pollinators to flowers. Since similar relat.i
can suggest that the basis of pbgrrrmadacctth eorfa
evolution betwe*n plants and insects

Throughtolsgsi s, one natural product will be m
an il lustraticoan coofmbti mee dmaaiinmafimomep; Bbreidyt @ n taind ii a b ¢

ef feicgat dhal tpgeordaurcyt| datsdd pi laad aseo nkenown as pr
or nympltDd ed bawcaddgn.i sol ated and identified for
in 198thetabmbeplacn&n{ Cactuss) Jeps.w&&rpmape :
t hdhitpl aciomder amdti ves grant protecti %l hferom h
compoundatemasi $ol ated Hawln wati lae (tTdpoleabrn.tgs:aSt e
Paul ownliMacaeaanga( Lt.ayn aMuieulsl . A’Mac&uphoa balamie
Baker Eup®F Srethii 2 od amee €a p thryosnt r iSeaat caon diemlaac u s
cleve(Bman@reegene Phraynntac ehbabseen fousdme Kkinds
propbdlis

OH

HO O
OH

C

OH O

Fi guirTehe3 struct uwiet lofmarn lpe dcmoinegs A, B,

Di pl & cFd ngelbred o3tjys | avwonoiadrse, vwehriyc hcommon pl ant

basic stafulca woZgeh etissdenz op(yC®3C 6 ) . According
arrangement of the structure, we can disting
f 1 av®%Tnhoel spr enyl or geranyl moi ety attached t

enhance$ oaifofliongiitcyas/l emadmmrgagier bi bkogi cal e f
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Stilbenoids are hydroxyltahbeasi desi-tW286i vdbe@G6
actphayst o alnedxtidnese pf odeoepdr ot ec¢tn tclaseplodntfssingal
The -breeswn sitirl deesveeirdat aBodat,rdi hydr oxiysstfid bred e ) |
specitehe ofvanigsr apes), andedotwiienre gl amrtenyp e cli,e
di phenyl propanes are probably Dbiosynthesi zedo
raer Araylebenzofurans are uncommon plant phen
amounMaeor signp h esitrr uicg ubh@®@sed on a benzofuran rin
gr@fiCur cumbrai glyeploloywphenol rihs wloateesct offralb th o n g a
't belomags camom@i ds, or (IFRingeuarre d2i)ar yl hept ano

According t a hae raevceernmatg es tcuwdys,umpt i ont ek ep bl yph
popul ali7T@8n gi gererdgayyl g his value mi ghlhe smodt ©b
frequemsar sobecer ages ,asmnud hj wmisc ex,f ffeel,| dwed by
vegetabl es® respectively

Approxi>adtoe loyf t ot al p & eaabosl oirch éesgon@mp b um g est i n

i ngestion. Based on the mo-caecoalarprwepiegrhtti e
phenolics are absorbed through passive diffL
gallic acid and isoflavones, and | ipophilic

compounds are act-gved¢ o poiro = agsipuecmotseed cvoitar aPh s p O

as quercetifn glycosides

The remaiamitnghenolics tahceodwhemlrayanspby éedec
mi crolfih@et a r anspbematl i o ndceopirepnodusn dosn cgurip omsii d ri @i
and oan scohemi calt ey pecbobbr édaddl hgestked. pol yme|
are depofVymeonpoéed@oasrcad dexdomhydroxyphenyl ace
flavanones ar e broken dowanciidmtco ¥y e r opxryopdhuec

met abat e smheh® absor bed

From thetbtel aowmpounds hlairveetrtpesarndsapl o nveeei dnb. © 6Tihsem
i hhlei ver abomi bas t hattt ®én =&Bmenobiotilkte. sDuucngr
of plant tpheinl mMmesamoliittheiso!lartee dmo dhiyfdireodk y | a't
carboxylateds Thenpbaseatcterized by conjugat
sul phates, or methyl groups are added ono enh.
the Body

19



~

/' S| SGEdal 47 WOoE WEEA&T & E

7

aerobic organi smsbhustaf t @e Dt bomr o hraadirde t ey
rgy from oxi datthhavne afprilacens pb o cy Ipartoicoens s e s .

ecdulaste commonly produced t hcearpaadciictayl troe aqgu
eract with cellular structureds$scallbeysuanoh
roxy{SOHr)acd)ircanIonradicaI Ssubstanmnbkrs RO8chr a
ally very reace¢amwmeDtmo e o@bnmegg fetu mehtei on  of

| ogi cal system. The anemtoexd dapt anel byl dai

h as superoxide dismutase (SOD; convertir
alase (CAT; convertitng hydrogen peroxide
cellular response to heexadsatrirvptisam esmast
| ear factefrateedthaoidr 22 ( Nrf 2) and unde
osol b oluinlde-a € KKeil ethed ( KEaplL)y edp 1l tfhaeci | it
yubiquitination of Nrf2 by the Cullin 3
radati on, thus allowing | ow basal activa
l dues i n Kedpidubsegumendt fcedf ammati onal c h

iating the ubiquitination of Nrf2 by Cul 3
nsl otclmeue d eiurst avher e it heterodi meri zes wi't

dshet mnti oxi dant responsive el ement (ARE)

enzymes involved i n( Ftihgebrdee t4o)xi cati on of ROS
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Oxidative stress

Antioxidant proteins
expression

Fi guirTeh4 {ARE pat tbweugstiendg Mot ).f ol i o t ool k

The exact mechanism by which @axidd atiicee vetrsas
clear. A possible |Iink was proposed by Sal za
ot her things, atnod porxoitdeaitoifvoeg licdoauapillbiinnogn e t o cys
proteiOme sucla ebagpl-ediokve i ntracell uar enz
( PRDX2), r eahsiécdho m smacirmypihdigzed f or m upmpmo oxi d:
i nfl ammatory activati ohhéyr dPiRgpaXLed Weact hagige
macr o p hpargosgsuucmo r ne cW(oTsNF§? f act or

Compounds that can regultahdee fieweaagpatci ¥ ¢ est Déds
call ed arteviegoailfdfaemg says and met hoddoleo guscead a

measure antioxidant activity

l1.Direct aassaysdlated on refkdaxt re@azremPISN @ N
a.Chemibcadkes says are essentirahtffebasedornr et

reaction wusually invol veas pt-egpimd cwal h ydarda =
21



radi ca'f)Z(q—E)E’thlo&(tChyl b en z6stuhlifaoznoilci naeci d r ad
(ABﬁTSDr fePYicof&Fpeamse inf ferric reducing
(FRAP) assay. Upon reaction withar@doanti c
reacti omnt r(an et r aen sef ®crh)a ntghea ti nl esatdrsa dttecu r e
absorptiowhisagpdenc treummeasured and quanti fi
popul ar amon ¢ erlaytseme haerne-tsiot@spn dd ,r eelaastyi vel y
On t he otehyerarheafwde, myttbhuarral condiaposnsi ve
r e sduoletsc onnofti renmh ftehcetiirveness in cellul ar sys
in this grouptihser aneatsisay obhsgplda®smi d DNA
pr oduydelfke bt on reacti orn hl@rpipd ogercdx ioda tfirmn
aci d.

b.Cebhsadsays arecomatuméemgt iamae require cer
researcher, however theiin cewsdiltisomns.e M
effenctsucih assays mi g ht al so give us i n

antioxidant to enter the tchedelld.ulAr exammp

assay (CAA). Cel |l sqgeathiec hfliorrsotd iihnycdurboaft!|eudo rwe
(DCHBH), which is then deacetyl ated to DC
of a2z @bami(®i nopropane) di hydrochl ori de (
produced and DCFH i s convenmntoegdsdoi nfl UL

Antioxidants can counteract this reacti ol
2.l ndirect assagwhidahnht may 1 nveaelonwemraiendloyx tahce
enhancetmeent i oki dant capac,i tivhreefa sedl lex,prfeasrs
antioxi damrnowgl yanetsi v-AREopabhwafhe NaER2e met
be di va dperdismoomtipblbee p o @i@ihoeusi nfl uence on enzy
be measured on i sodcecthaddaemmrzgdanels hoobusoungl )
greater i nformative amnadduief.i eAln 0@ Al r a sexaaymp | i
oxi dative strafis ghs glcacvsed tWhymecinumaii @ o s
approxi maacndigti ons of hypédrhgeluycomemni a)x i admd iive
protection (GOSP) assay.

The discrepanci ed hieed wiresmé d heeadedal Hitsi oXi dan:
ot he model dicpimgaoaeame how? iAfl | Flatdbdeedc eelxlper i ment

22



done 4 opxmecreadr ati onxaWfV¥le rkiifti)ed Bwsiemlg on t he

can be dadcdicrre bteds@aasvenger-bafsedadissalys,i mudhe
not cont hceebehcs eidn CAA assay. Oal otnlgee r 0 O maciumhad n
GOSP assay, a statistically si gnt Hienccaretasefdf

activation of cat al ase.

Ty p Assay Resul t Sour g

ABTS 3. 21 more active tha

DPPH 1.11 more active thalZi ma 2¢
la FRAP 0.5 more active tha
Pl asmi dat coneM, ogl d<@i d DNA
_ Treml?
protec Fentonhoneact
1b CAA no activitgM atf teon
1. 41 mor e oascittiivvee tchoanrn
GOSP
at corM .afotfers5 48
= - 5
51 more active than Tr eml

2 CAT act
sol vaefnttegrt <lorM . of

Nr ARE

_ no acatfitvatty comrgMd. o
actilva

Tab2iResdlors h @ mb eeall anldaxed lantiiceosFdanpl acoine

Aisni |l ar patternaocfsSlhbdesvedpanceeypewhesenrtisb evd t
by TrenMheetompoundssswerde usi-ma@gs ead crhetni kehd | 0 g
thiobarchidt urriact@ave substanceshTeBABBRSBesalgd ay.
show t heacaobmploiutnyd otfo pragdgaeaicinipild npeéroxi d&t idon

durazndgh i ncubation. Upon oxidation, |1obleic
reacts with TBA i n aMDAdiacd dcuocntd iitsi otnhse n Tehxet rTal
and I ts concent rhyalboaor basn c @ e tTeeansisiregedme em oi d s
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subsequeesnatdybbids e d a sisoaxyi, d avthiew ee s thrye pyy owaysa na ay
secondar yo bnte dfiardeid>ar aree gat i v sbkbadbenpna st haaetr ug i

iable to generate ROS

Among t he (sktiidlreerssotisidisb etenheeo sy s pdtheBARS nassay
rediuugc it he | i pid peroxidation by ab6bmodan®0%.

tramssveratrolandpipd ecde@bégmentcodpyr anosi de. Surp
cebbased assay, pi ce3md-bminwd o mynrda mesiedd tamarod ea |
oXxi dat icvaeu bsgtdrpeysosc yani n bynonho%i0& adn eavh tlhatait c

andr esnts | bene was inactive. Onl yt hiérofARBEpont i
pat hway, but wheexhporuets siinocno &cafsl isannfy eannzty me s
OH OH
O HO O HO O
OH
OH OH
Trans-stilbene Trans-resveratrol Piceatannol

OH
OH

oH
Piceatannol-3'-O-b-glucopyranoside Isorhapontigenin

Fi gbirTeh e stsr wmmntduordsdt fi d datesn oi d s

Overall, bot h erteusduletehne o wmpouvedseffective
i nef f etchoaet \nAesr i.ine h a rfgruoentp,d ihret o f relevance to |
cell ul ar antioxidatnhatzdmraepasaBiupass ot lese g

compound as an antioxidant, onéenshewlgsdepen
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Wol f e asnetddhCRAAU assay t o ascteiswi tther sltatuicamnug est
The salrvuelt@memegrt he fmloayv oweadadiNyded Njy dr oxyl gr o
t heriBhg, doaubd,e3 bond c-k«mlbion gad owiptnhg aa-Hadnder oCx vy |
grolupofl avomed cel |l ul ar antioxidant activity.
hi gher antioxidant act irvii8thy, -4tNny sarxjdtr boxsyd wgir tohuc
I mproved tHAédius, eft hiec amwops.to facftliaaveongoriods ar e f
querCeEhemne argerseued h sour igwerced i Inapwassi tuisveed cacsn |
i n CaAmMd di placon (as the flavandoeh!| ¢ ac&isd kat
3hydroxyl group.

Esatbeyogl uViet i salrva odit fueitarda c t and identified
including resveratrolriamantpd ,c etaht antn@bondnt h d
against hydrodanegebDdAi deMage2 and i hdutarget
oxygelnaased ut amyl cys t&ihree ef if et staamdte are bett e

observed in our experiments for the compound
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fl ammation is a peaatriomusofhabmbyl tsssmasdi
mage,dcdhelmMical t ant $ s aivempp exbBishedafd s i mmu n
stem accompani edc dlohfeidho §(opcaarrudp(onra d t arsng i s :

wel | if ugoc tl idabneda s of function). The function
us al agent, clear out damaged <cell s and t
ocesses of acute inflammation usuald yatake
r mf ul dysregul at ed response and produce

fl ammatory disorders, ,samnua¢d hT2aBMobesity, 1ins
re are Bepvaevb@&@lchsay®act to stimuldi and i

e

oc heenvieclal AQne common med kB s mait((BPviadgunrnee ct e
e canonical form of this pathway s-takes wi
ceptors (TLR) tnalceeil v atwadnlebgmmftLiPeafraoent er i a. (
e pathway | eads aBt okipmhaosssep haonrdy bBau bt $bmeq vosia t Il vy
adBe ,r elsi des i n cy-bBs(od Hhetderiondhiinbeirt sc oNnrpl e x
rough dpooandhossBhosyldaetgira@am,eaBl troetldeomeseirng N
cl eusas pheicnsdpiotcosi @« e el ement on t bgdrAo cainat it diru s

oi nfl ammat ory cWatnodk iinnetbedfr|{ebdckni nas TNF
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LPS _(&\

TLR —

RO Ky O X E N X R XXX K KX XA LXK N X KN XN CE XY
e e
‘\.‘_,/'I

Inact.ive — Activated
lic-B kinase | Q IKK complex
(IKK) complex
T~ Ubiquitylation and
Y Cy degradation of
IKK ~

B a/p— Activated IKK-B phosphorylated

- lk-B In proteasome
<

o e W

8% Migration of NF-kB
into nucleus

o Coactivator T o
% M Transcription

Fi goiirTehe caNBaBi pat(hcwaeyat ed using Moti foli

Anot her mode of cellul ar resapgdnsatmdglpte D e i
( MAPK) . There are sever al subfamifiegsal af e dM/
ki nases-JuBRK)e,r mé nalarkd nm3&.s AcdtNiKwat ed MAPKs
nucl eus and phosphor yl aatcet itvraat nogAcPipia powiVigaon fla c t
which coordinate thenétkpmmasboygp dbwesveeam p

Moreover-sB,bodthhK Nebkhd ERK patthhwenysil ame raacteipyv atr
The insulin pathway | eads to increased uptak
transpoihceeelrisuloanr sur face. | nossugh ant indexlli i @i tid
(PI 3K) and protein kinasambBpl PKBc atri AArktl) oo pr

inflammation and i 8%ulin resistance in T2DM
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Thanitnfl ammatonycantbei dgter mi ned twi&fths sever

l1.Cefrasgsays at aenbhaisbeidt ioonn-i wf | @ mma & o nuapleloyz y me
determined using Kkits. Ex amplliemoxyfgemasane(s!
and cyclooxygenase (€@Gcegnv Brogihomref iarvadthie
ei cosanoi ds.

2.Ce-bhsaeglsays i nwigh fvlea mmahi@noonc yt macoophage ce
(e.g. by LPS) and then determining the out
a.Griess ireacdetteipedo oducti on of NO (i nvol vec
means of measuring itsf olxlidwitengn dpradt e
reactioonwmt desul f
b.Reporteregssagsgenetically madifvatdononeobf
NFeBpat hiwegnnectthged odoc a¢c emt aoifn reporter g
secreted embryonic alkaline phosphatase
react itohsepwct hi QUANBY tHreat e

c .ELI SeAssays ar e us @enhiobi mé@mmo doafct i -on of
i nfl ammatory cyt ok ihNeF®Bp aatfhhveay.acti vati on

Mol | anov 8 etthaepit nf rempmat edy etif etavohogdsanghb
Pt omemtnads amoawgsthlkee moddal pd am@De prad c at hoaxoi nc
concent reMiwaosn aobfl et heo aectdukcBt AIB i MeP-8ct i vated
THR-XBIEAE-MD2CD14 cell | inegabi 86 %cwaa atnbges r awhli ec |
to the positivelheotant délammatednysemnéect o f di
establ iasihre d miovwe | of colitis in rats, wher e
symptoms (diarr heian tphhreesencel )ofarmd oodl ayed
mechani sms wtaldeed ed rseZeosfa m@O X n breaetaisohpacyba t r i X
met al | o RrpofttddMiP2d s MR ct P& i ty

Several other compounds wershewkBingimorde pd @atcioVv
(reduced tbeb58MWf ference from di pl)acomiemuhlioglh,
paul odi pl acone A, paul odi placol A (60@), tom
met Bonlet hoxydaOpriea ddahlly,d r3oxydi pl acol (75 %) .
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Diplacol Mimulol

OH
HO O
OH
=
OH O
Paulodiplacone A Paulodiplacol A

OH O OH O

OH

HO o .

OH O
3-O-Methyl-5'-hydroxydiplacol 3'-O-Methyl-5'-methoxydiplacol

Fi gUirTeh e -iamftliammat ory comPouhdmehstsobated

Results publk sehte dalb.y dveas carni b e ntfhl ea maimditteiceftxgi d a n
nat ur al phenol i css3siodabdteegpafrtomft @aed E@HAOGlanol i
t wi gBsr ooufssonetlLaHPpapyekf ¥emt. ( NM@rprceag)h)at Ao
di phenyl propane tk@ziemgl atMdamfdavbavobsolbrAu
broussof(lRiv@wrnoe w&d | nhi btihte rayc teNfbBetcAllesti lnenf

LPS8ctivat-¥BIE-MP2CD14 cell -torec AbnasMndrhat i on
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activation waspredniceanas ognh7d5s¢ d ef f ect . The:
subsequently suppressk¥andh-@NBuecdtrieotni otno 050 % o
negative control, wher eas -sgri anurl iad cerdes ITWE&s mo o
significantly t han predngab e h e a kh3yndrod® ey C 0 m,|
di prenyl fl avone, showed aCAA gssayveftltitédhbhnmoxe
guerceti n, both at 5 OMB/ AlR da cstiigwa tfiiocna n(trl eyd u
at 1 OM). But because the compelbod FNE not
probably pri martirlayn sbemrhii@dé¢ t ®B.A®nd not NF

Broussoflavonol B 5,7,3',4'-Tetrahydroxy-3-methoxy-
8,5'-diprenylflavone

Fi g8irTehet ruofukagi nol M, ,Boarn&ly & $4@d tl raavR3yndbrl 0 XAy
met h-® gyi prenyl fl avone

From the two publications it -imdr abrenad s ymed |

among the prenylated and geranyl ated fl avon
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flavonol s,. alnhde frhoasvto nesti ve compound was di |

further elucidated.

Jin

et a la.c t pgeuii tdgerdmefdr a ¢ tmied hamodn &aof obhet he |

Paul owni aa nao rdeeatnear mi mietdor y actiinvduadedi cagaxindg

pr oduicmhuroinne macr ophagen RAMAW26r4 .s7t ucdeyl,| st.he mo ¢
wa3-O-met Hplydr ox neki pMisa=ho8eM. Thi s compound was

those tested in thé sbtuudywabsy nhttl MWahsaodageleeti tvael
t hesBNFactivation to approximately 80 %, but w

di pl acone were found very acticsMe begsftoteveh

Mo r e oSvhearh,i n oeztz aama.rhagn¢ a8 f €d mmat ory activity of

from Okinawa propolis. The bEPBeducwdsotest d

production i n mur i ne .mabDcirpol pahcaognee R AV&2n6edd. 7a sc enl

study) was the second svosEM2a cTthiev emocsot mpaocutnidv,e

wa s

ny mp hsye 0EMYAC 56gle € &6py le-B y & gt3er ah yfdraovxdn o n e
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I nsulin is a peptibatdel hehpemce epsodlted elgyl at
metabolism i n btihgdyultwdye bytabsadar p o saen dt ilsisvueer,.

The hypoglycemic effect of insulfirmgiideceugmut ¢
tilts towards hyperlgé ga esmsawlfiim T 22BN su sawmnalel,y
doesf mmcdt i on pbepaudsegf,eocttisk etclhyr oughout the 1ins

Simply put, the efbfi enadtianogh stuolnis m | iad c & ghizeo tme(MBR ta
oft htearget Tbel Il R possesses tyrosine Kkinase a
results inl Resulus tiahk, ECAIRIS,) ,and its substra:
GLUT4 ortespis translocated from cytobselic

upt ake of glucose. The whol e pat hway i s

autophosphoryl ation of |ItRpeaondeinstyubbsi nat &
( PTEP)LFi @l e

Insulin

Translocation

T~
AS160)
GLUTJTE[/ ‘ ‘

Fi g@irTehe i nsulin tr(acnrsedautcegd owns ipmag hMwoatyi f ol i

32



Theantidiabetic activity ofinasaval Zhramdy etts

hapwyeoposed a cilnaswigysdocati on for

1.Phenotgpadgstn rely on a specific target but
effect. We can -tbsoughputheml sl Brgdetadhods
preliminary initial check
a.Signalingspatylsways s eatse $thec cerhd ceuwmudl odinp | cen e
pat hways related to T2DM.
b.Thg ucose as pitalyksee td haecnc umul ati on of gl ucos
radi ol abelaedogpianbecbeeld s and its quantifica
c.lnsulin @asssxaydsioaoncentrate on mleaisumemer
i nsul i,andc AMP.
2. Tar patsegdsays, on the ot her thiatahide, phmaedcei saef g r ¢
action is determined
a.UAmy|l as#dgl ucoassdaye at denbthasbdd ioomm of these
t hat nor mal liydedi gesti nd ®&csdhares.
b.GLPLreceptor and pedacxi ¥ ameaxdp i Asaegpotno astto r
assda&y R agons s mmutlhaeted *ase of t hmasnuclriena sf raonm
decreases ff ooRPARJG arkdeshawmhceerse agsl uco$s s met a
uptake by cell s.
c.PTPlabhd di pept MdDRI®4i nhi bastsilaoyhi bi ti on of
l eads to enhanced tshieRnalh dh ¢ thtuesrdueft i et f o
DPP i nhstbbhipdergy adati on of inceieti esf antds t
e X a npfl eamrcr et FIn. i s GLP
d.GLUT4 tr anasslscaaynetl om®@ using tradclwesabal n me:
bl otting or i mmunofluorescence. Hsowmeceher,

asot al internal erf®BIf RE) tmiommr dd wmpye.scenc

Tremlcenc aftnd anyitegtl fhgee r any | at ed fl avonoids and
fr@maul owni aa nhMoreunstaosslabed oPaPrAt® anli shyp ogn dy c e mi ¢
agent Jphredj ect wor kf3l6o w iedtt @rntag durvailt phenol i cs t
using mol ecaPBMRdoept og. t((msnda irme nelxtt, s&@ ep of
4 positiweeg ehiatsssiamge cciet 1o cul s peei RRABNKLY f er ase
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reporter agen®@pPARsayn expressi on Moy eWestrer n hi
abitotiynduce GLUT4 transloghycemi ahi cleéh emb
was detler mi ned

The selectieadtimétshpdj ect cClhansedtadsanhen| ow
he &seg ge sch or i o0 arme nabnrtaon € AMBIE $iasy a s p e c itahle cbaotredgeorr
bet wiere nainidn oa n v ma l e XTpheer tBn&dVa ¢ suasye ki cken embry
at day 11 oafnddetvheelroepfnoernet d amen o mapenadimdl ed eas

not requdpper.ohv@limoallel has the advamwmadged i ohsm

Anot her ex amplpe asmfe hex@tetr lifenenDirsofsdop hi | a mel an
with measurhgegmeanobseofevels i n hemotl hgpemie.t i The
similarity between humanst haen dl aftrtuerrty @frslt iedos art e
require eth*ical approvals

The resul ts%(&fidgpsemd e¢thaal t he PcPOARcE@rti som  auss
presel ect ia®saycarlolfduratntderhypogl ycemic activity
becauwsee onl y podciipgliaved teasmo dvals compound. Di pl
agoni st PPCORAY/0OBY o©he effectt hpbsirtoisvaglacbat oan
contcreat BaM),alodw ef fect on GLUT4 transl|l obd@ti on

positiveaaxcomderotlr, &kit,o neehryd o § 0 y c e mti ELEEFAIMe C t I n
assh¥% df the effaecohceht40aM ukmfnof)atda2eol mit he |
result stdmeesmablp ebtt edi ma et . al . wehoenrpee | d ii pnlgd ¢

reduce Dbl ood gl bUemslaicldv dli shieie hoincl ymiveexec.e pft i o
significaonft gleplouecthid @ nQ.OnPp)t.he odihelradhama ,show
cytoprotective eff&cncenapbhograeainducebkl!| dgdi ab
t ohpeanctbas effextpl mi gletd bgefiftescTart ebm dahur

viewperiments with diplacone are necessary.
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OH
HO o)
O

Moracin M

H

o)
Y

Mimulone

Mulberrofuran Y

Figu@s ructdirglsaodne, mi mul one, moracin M,

Moracin M, anolatr i toeMih z oad lubsah 0 WRRIAORm@oO Nni sm or
enhanceGrielhTt4 otfr a.Bstl to schitedvdiry p o ged fyfcebchHeECTT A M

assay (29% of tmheoprté&ett aldi oanfnteetr| TAROR, & amie s u ) t
i n accordllhhaacewievi tehbdecwdasti ng bl ood gl ucose
di abeti ct haedenei na fsttmoataic@®mhef proposed mechani s
include imMMAMBBENtd wmedfphosphor yl/atidon ndfi bPLt 3K
DP@’8

The rel ati otnhsehi pt ribubctwereeoPiRdksd gaonndt s m was descr
Treml iatthkir %Aenvoinegw aarlt itchliee . fil saovfol napeiode essthreu c
mo s t pr, onmiasmed grohrdddr oxyi g efclad waenrectegprd age of p
cont%rol 710FB&Yanonestotwkehegh magel compound

bel ongshdehmeste acti vestwh donptvidoeu ebsf a¥mong di f f e

of f | awaosn ociodhsp ar e d

To concl ude, t wowcpmpeonhdal efmergédture exper
broader effeRPMAMRgacrmMegEhdISTdAng ransl ocation and
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And moracin M with sitgmrdibutbdyeogl meemaci amt

transl ocation.
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Final Iendwn fact I s tdedpintae utrrad i rp hpernorii isn g
suffer from poootwi watvearn | adlildibd lyi tedrida badlt idthye we
to overcome ¢ haephp loibcsataicdnresofi snovel delivery

nanopdfticles

For the pur posla emflussgliwmitialni pRAPitep hesd@Gf rom b
yeaSsatccharomycbdeyerer exi £€i. £e Hans e.mh € 8Stawcccyh ar o
testetifebe of curcumithnhecexpcapsuloat ed amt GB xo
study ctohegbdeettsapbul atanmd xcdwrrceunmifn,cur cumi n ai
encapsul ated),ancauGRsmahoméon€&€he results show
abtencrease the expression of the NriAREprot e

syssemni faifadaent 2 h1®f incubation

Similarly, Galam“aowvé&miesi ai n)eipalgad g imw ad eikch,i n
mor uandansesver atrand ithdg ot eGdR §tl menmmat amtyi and a
effeccompdheds were encapsul atiedtasiyngvapor ¢
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Flavonoids as Potent Scavengers of Hydroxyl

Radicals

Jakub Treml and Karel Smejkal

Abstract:  Oxidative stress is a fundamental principle in the pathophysiology of many diseases. It occurs when the
production of reactive oxygen species exceeds the capacity of the cell defense system. The hydroxyl radical is a reactive
oxygen species that is commonly formed in vivo and can cause serious damage to biomolecules, such as lipids, proteins,
and nucleic acids. It plays a role in inflaimmation-related diseases, like chronic inflammation, neurodegeneration, and
cancer. To overcome excessive oxidative stress and thus to prevent or stop the progression of diseases connected to it,
scientists try to combat oxidative stress and to find antioxidant molecules, including those that scavenge hydroxyl radical
or diminish its production in inflamed tissues.

This article reviews various methods of hydroxyl radical production and scavenging. Further, flavonoids, as natural plant
antioxidants and essential component of the human diet, are reviewed as compounds interacting with the production of
hydroxyl radicals. The relationship between hydroxyl radical scavenging and the structure of the flavonoids is discussed.
The structural elements of the flavonoid molecule most important for hydroxyl radical scavenging are hydroxylation of
ring B and a C2—C3 double bond connected with a C-3 hydroxyl group and a C-4 carbonyl group. Hydroxylation
of ring A also enhances the activity, as does the presence of gallate and galactouronate moieties as substituents on the

flavonoid skeleton.

Keywords: Fenton reaction, flavonoids, hydroxyl radical, scavenging, structure—activity relationship

Introduction

Oxidative stress is a state present in all acrobic organisms. It
occurs when the production of reactive oxygen species (ROS)
exceeds the limited capacity of the cellular antioxidant system.
Aerobic organisms have the advantage of gaining more energy
from oxidative phosphorylation than anaerobic organisms get from
anaerobic glycolysis. However, a serious disadvantage of oxidative
phosphorylation is the possibility of producing ROS. ROS are
small molecules, commonly produced in radical reactions, with
the capacity to quickly interact with cellular structures. They are
represented by various chemical entities: oxygen radicals (such as
hydroxyl radical *OH) or nonradical substances (such as hydrogen
peroxide H,O») (Ma 2010).

ROS are usually very reactive; they do not have long lifetimes
and cannot be transported for long distances in an organism. They
therefore damage the cell structures that are closest to the site of
their formation. They readily attack nucleic acids, proteins, and
lipids. The molecule that is attacked is cither damaged, destroyed,
or has its function altered. Oxidative stress plays a key role in the
origin and development of many diseases connected with inflam-
mation, such as neurodegeneration, cardiovascular diseases, and
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cancer. On the other hand, the balanced formation of many ROS
plays an essential role in some physiological processes. For example,
phagocytes produce large amounts of ROS via the NADPH oxi-
dase system as part of their defensive mechanism against pathogens
(Valko and others 2007).

Free radicals are molecules containing unpaired electrons, which
makes them very reactive. This reactivity leads to donating or
accepting electrons from surrounding molecules to achieve a more
stable state. The reaction of such a radical with a nonradical causes
a radical chain reaction and creates new radicals, which, in turn,
react with other molecules. This process is called propagation.
The reaction is terminated when 2 radicals react with each other
to form a nonradical (Betteridge 2000).

H>O»5 is a nonradical that belongs among the ROS. Several en-
zymes generate H O, for example, superoxide dismutase. Perhaps
fortunately, given its widespread presence in vivo, H O, is only a
weak oxidizing or reducing agent and is poorly reactive. H,O»
causes some damage directly, but the oxidation of biomolecules
is usually mediated by the formation of "OH (Halliwell and Gut-
teridge 2007).

Hydroxyl radical—chemistry and biological consequences
Hydroxyl radical ("OH) is the most potent oxidant and one of
the most reactive natural free radicals known. It has a very short
half-life and thus reacts with molecules at the site of its forma-
tion (Betteridge 2000). The reaction rate with other molecules is

high, approximately 10% to 10" M~ x s7'. "OH recombination
© 2016 Institute of Food Technologists®
doi: 10.1111/1541-4337.12204
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HH H
11 [
A H—C':—(IJ—O—H +'OH —>» H—(l)—(lz—O—H + H,0
H H H H
N / OH
B C=C +°'OH —>» \c'_c/
/ \ 7 ®X
c Cl-+'0OH —» Cl++ OH

Figure 1-Three main types of reactions of "OH: (A) hydrogen abstraction;
(B) addition to double bond; (C) electron transfer.

(Eq. 1) is also very fast (with k =5 x 10" M™" x s7') and the
steady-state concentration of "“OH in solution is therefore prac-
tically zero (Tirzitis and Bartosz 2010). The absorbance peak of
"OH in aqueous solutions occurs at 230 nm, but in general the
spectrum is nondescriptive (Halliwell and Gutteridge 2007):

*OH+'OH — H,0» 1)

The production of "“OH will be discussed later in the paper.
Here, it is necessary to point out that "“OH occurs naturally in or-
ganisms, as well as in the atmosphere. "OH is formed in biological
systems by oxidative metabolism, in which (predominantly in mi-
tochondria) superoxide radicals (O, ") are formed as an unwanted
by-product. The superoxide radical can be removed by the su-
peroxide dismutase enzyme. The product, H,O,, can be removed
by another enzyme called catalase, or it can undergo a Fenton
reaction in the presence of transition metal ions to generate "“OH
(Carocho and Ferreira 2013).

‘OH is also a major oxidizing agent in the Earth’s atmosphere,
destroying about 3.7 Gt of trace gases, including methane and dif-
ferent fluorocarbons, cach year (Ehhalt 1999). In the atmosphere,
"OH is formed primarily via the reaction of water vapor with sin-
glet oxygen that had previously resulted from the UV photolysis
of ozone (Bahm and Khalil 2004).

There are 3 main types of reactions of "OH: hydrogen abstrac-
tion, addition, and electron transfer. All of these reactions predict
the nature of the damage caused by "OH. Basically, all of the re-
actions lead to the formation of new radicals and thus propagate
chain reactions. One example of abstraction is the reaction of "OH
with alcohols. The “OH abstracts H" and forms water, leaving an
unpaired electron on the carbon atom of the alcohol (Figure 1A).
The reaction of "OH with an aromatic compound often leads
to addition. In this way, “OH can be added to double bonds to
form a hydroxy derivative (Figure 1B). "OH can also take part in
clectron-transfer reactions (Figure 1C) (Halliwell and Gutteridge
2007).

As can be expected from the enormous reactivity of “OH, the
exposure of DNA (or RNA) to it yields a large number of prod-
ucts. The distribution of an "OH attack depends on the elec-
tron density at the site of the molecule attacked. Because of its
electrophilic nature, "“OH preferentially adds to the site with the
greatest electron density. For example, “OH attacks a molecule
of guanine preferentially at C-8 to produce a C-8 OH-adduct
radical that can be reduced to 8-hydroxyguanine or undergo ring
opening to give 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(Figure 2). Similarly, other purines and pyrimidines suffer from the
addition of "OH to the ring and the abstraction of H". In the case

© 2016 Institute of Food Technologists®

of cytosine, 87 % of the addition occurs at the C-5. The product
distribution will also vary depending on whether the "“OH is gen-
erated by radiation or by a Fenton reaction. For example, copper
ions bind to GC-rich sequences in DNA and subsequent reaction
with H,O, favors the formation of modified guanine products,
whereas "OH produced by radiation impairs all bases to a sim-
ilar extent. The consequences of DNA damage are mutations.
8-Hydroxyguanine leads to a GC — TA transversion mutation
because it can bond to adenine, although most 8-hydroxygunine
pairs correctly with cytosine. Deoxyribose and ribose are targets
of "OH attack as well. The formation of one of the products,
malondialdchyde (MDA), forms the basis of the deoxyribose assay.
Damage to the sugar parts of the DNA structure can lead to breaks
in the strands of DNA, because these constitute the phosphate—
deoxyribose backbone. Attack at C-1 of the deoxyribose structure
can cause the release of a base from the DNA molecule, leaving
an abasic site in the DNA (Evans and others 2004).

The most vulnerable molecular components of lipids are the
polyunsaturated fatty acids (PUFAs) that are present in large
amounts and form parts of cell membranes. The process by which
"OH causes oxidative damage to lipids is called lipid peroxidation.
Lipid peroxidation is initiated by the addition of "OH to a double
bond or by the abstraction of a hydrogen atom from a methylene
group of a PUFA by "OH (Figure 1B and A, respectively). In
both cases, the result is the formation of a lipid radical (L7). This
carbon radical reacts with oxygen to form a lipid peroxyl radical
(LOO"). The LOO" can abstract a hydrogen from an adjacent
fatty acid to produce a lipid hydroperoxide (LOOH) and a second
lipid radical. The LOOH formed can react with metal ions, such
as Fe?t, producing lipid alkoxyl radical (LO"). Both alkoxyl and
peroxyl radicals stimulate the chain reaction of lipid peroxidation
by abstracting additional hydrogen atoms, not only from the sur-
rounding lipids, but also from other biomolecules (Buettner 1993;
Catala 2010).

A great diversity of aldehydes 1s formed when lipid hydroperox-
ides break down in biological systems. Some of these aldehydes are
highly reactive and may be considered as secondary toxic messen-
gers, which disseminate and augment the initial free radical events.
4-Hydroxy-2-nonenal (4-HNE) is known to be the main alde-
hyde formed during the lipid peroxidation of n-6 PUFAs, such
as linoleic acid and arachidonic acid. Another abundantly formed
aldehyde is malondialdehyde (MDA). Its reaction with thiobarbi-
turic acid is the basis of lipid peroxidation detection by the TBARS
assay (thiobarbituric acid-reactive substances). Lipid peroxidation
reduces membrane fluidity, increasing the “leakiness” of the mem-
brane to substances that do not normally cross it and a further loss
of membrane integrity (Grune and others 1993; Catali 2010).

*OH can also interact with different proteins. Oxidative damage
to proteins also matters, because it can impair the functioning of
receptors, antibodies, signal transduction, transport proteins, and
enzymes. The chemistry of protein damage is even more complex
than that of DNA; the 20 and more amino acids generate a multi-
tude of possible oxidation end products. Methionine, for example,
can be attacked by "OH to form methionine sulfoxide, which can
undergo further oxidation to form a sulfone (Figure 3). Even the
polypeptide chain of proteins can be attacked by *OH. This leads
to hydrogen abstraction, the formation of a carbon radical, and
the subsequent cleavage of the peptide bond. This process can be
amplified by the metal-catalyzed oxidation of proteins. A metal
ion, such as Fe?*, binds to the polypeptide chain and reacts with
H>0O> to form "OH. The result is oxidative damage to the amino
acids nearby or the cleavage of the peptide bond. Moreover, the
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Figure 3-Oxidative damage to methionine caused by *OH.

lysine residues of proteins can react with the products of lipid
peroxidation (4-HNE and MDA) or with the oxidation products
of sugars (Levine and others 1996; Berlett and Stadtmann 1997;
Cabiscol and others 2000).

The exposure of an organism to an unbalanced oxidative stress
has many biological consequences. Some level of stress can be
beneficial, as a mild stress may provoke cell proliferation and the
adaptation of the defense system. However, uncontrolled prolifer-
ation can lead to the development of cancer. Severe stress involves
damage to some or all of the molecular targets: DNA, proteins, and
lipids. The affected tissue or cell may recover from the oxidative
damage after injury by repairing or replacing the damaged cells
or molecules; the cell may also survive with persistent oxidative
damage and no longer divide. Especially when the DNA 1s dam-
aged, the result is cell death via apoptosis or necrosis, or the cell
can mutate into cancer (Dalle-Donne and others 2006; Ma 2010).

Oxidative stress has been implicated in various pathological con-
ditions involving cardiovascular diseases, cancer, neurological dis-
orders, diabetes, or aging. These diseases fall into 2 groups: (i) the
first group is characterized by the pro-oxidant shifting of the glu-
tathione redox system and impairment of glucose tolerance—the
so-called “mitochondrial oxidative stress” conditions (cancer and
diabetes mellitus); (ii) the second group involves diseases charac-
terized by “inflammatory oxidative conditions” and the enhanced
activity of NAD(P)H oxidase (atherosclerosis and chronic inflam-
mation) (Harman 1956; Valko and others 2007).

To prevent or overcome the damage to biomolecules and pre-
vent the development of the diseases previously mentioned, the

cells take advantage of various ways and enzymatic systems. Some-
times, the capacity of the endogenous enzymes and antioxidants
is overwhelmed. For these cases human cells may use exogenous
antioxidants supplied in the diet, such as vitamins, carotenoids,
and flavonoids. It is the task of scientists to develop suitable meth-

722 Comprehensive ReviewsinFoodScience and FoodSafety * Vol. 15,2016

ods for determining the antioxidant activity and to search for new
antioxidants in natural sources. Antioxidants are compounds ca-
pable of delaying, preventing, or removing oxidative damage to
the substrate molecule. Antioxidants can be cither small molecules
or protein enzymes (Khlebnikov and others 2006; Carocho and
Ferreira 2013).

So-called preventive antioxidants are the first line of the defense
system. These compounds suppress the formation of ROS, for
example, by sequestering metal ions or by reducing H>O, and
lipid hydroperoxides to water and lipid hydroxides. The second
line of defense consists of scavenging antioxidants, which rapidly
remove the active ROS before they can attack biologically essential
molecules. Superoxide dismutase (SOD) converts superoxide to
H>0O», while carotenoids scavenge singlet oxygen. Many phenolic
compounds and flavonoids are scavengers too. Various enzymes
function as a third line defense by repairing damage, clearing
wastes, and reconstituting the lost function (Scalzo and others
2008; Niki 2010).

Flavonoids

The flavonoids are a large group of plant secondary metabolites.
Their name is derived from the Latin word “flavus,” meaning yel-
low, showing their natural pigmentation. Flavonoids are widely
distributed in the leaves, seeds, bark, and flowers of plants; over
8000 compounds have been identified. They function in plants
mainly to protect against ultraviolet radiation, pathogens, and her-
bivores; together with the anthocyanin copigments in flowers, they
are responsible for attracting pollinating insects, showing charac-
teristic colors in ultraviolet light (Winkel-Shirley 2001; Heim and
others 2002; Prochizkova and others 2011).

The basic structure of flavonoids is that of the flavone (Table 1)
that is chemically 2-phenyl-1,4-benzopyrone. Ring A of the
flavonoid skeleton arises biosynthetically from acetate metabolism,

© 2016 Institute of Food Technologists®
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Flavonoids versus hydroxyl radical.. .

Table 1-Flavones.

5

Substitution
Compound Name 5 7 8 3 4’
17 Baicalein OH OH OH H H H
18 Baicalin OH OH Glucuronide H H H
42 Wogonine Glucuronide OH H Glucuronide OMe H H
20 Chrysin OH H OH H H H
35 Apigenin OH H OH H H OH
19 Luteolin OH H OH H OH OH
Table 2-Flavonols.

5

Substitution
Compound Name 3 5 7 2 3 4’ 5
12 Kaempferol OH OH OH H H H OH
11 Quercetin OH OH OH H OH OH H
48 Morin OH OH OH OH H OH H
10 Myricetin OH OH OH H OH OH OH
38 Hyperoside Galactoside OH OH H OH OH H
36 Quercetin-3-galactouronide Galactouronide OH OH H OH OH H
8 Quercetin-3-glucoside Glucoside OH OH H OH OH H
37 Miguelianin Glucuronide OH OH H OH OH H
9 Rutoside -Rha-Glc OH OH H OH OH H
41 Trihydroxyethylrutoside -Rha-Glc OH 7,34 =0CyHs0H
40 Tetrahydroxyethylrutoside -Rha-Glc 5;7;3,4"=0C;Hs0H

whereas ring B is derived from a shikimic acid pathway. Ring C is
a product of the condensation of intermediates coming from both
of these pathways. Flavonoids can be divided into several groups
based on the structure of the skeleton and the substitution: flavones
(Table 1), flavonols (Table 2), flavonol derivatives of quercitrin and
myricitrin (Table 3), flavanones (Table 4), prenylated and gerany-
lated flavanones (Table 5), lavanonols (Table 6), flavanols (Table 7),
and anthocyanidins (Table 8). Table 9 then shows some flavonoid
metabolites of possible importance for their effect after ingestion.

Flavonoids are an integral part of both human and animal diets.
Being phytochemicals, flavonoids cannot be synthesized by hu-
mans or animals. Flavonols are the most abundant flavonoids in
foods. Flavanones can be mainly found in citrus fruits and flavones
in celery. Catechins are present in large amounts in green and
black teas, and in red wine, whereas anthocyanins are found in
strawberries and other berries (Peterson and Dwyer 1998; Heim
and others 2002; Yao and others 2004).

The flavonoid family of plant compounds comprises the most
widely distributed group of secondary plant metabolites ingested

@© 2016 Institute of Food Technologists®

by humans. Exact estimation of the average dietary intake of
flavonoids is difficult, because of the wide diversity of available
flavonoids and the extensive distribution in various plants, and also
the differing consumption of humans. Thus, the measurement of
dietary intake of flavonoids depends entirely on the criteria of
survey, the method used, and the reference compounds selected
for analysis. Bearing this in mind, the dietary intake of flavonoids
has been estimated to vary from 100 to 1000 mg/d. Flavonoids
are relatively heat-stable, but easily lost due to cooking and frying
(Hertog and others 1993; Yao and others 2004).

The ability of flavonoids to possess antioxidant or any other de-
sired activity in the human body is highly dependent on absorp-
tion and metabolism of that particular flavonoid. Sesink and others
(2001) proved that quercetin glycosides are not absorbed intact in
humans or, more precisely, are not able to reach the blood cir-
culation, because quercetin glucuronides and not glucosides were
present in human plasma after consumption of quercetin gluco-
sides (Walle 2004). Hollman and others (1995) have performed a
study to quantify absorption of various forms of quercetin (11).

Vol.15,2016 * Comprehensive ReviewsinFood Scienceand Food Safety 723
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Flavonoids versus hydroxyl radical ... .

Table 3—Flavonol derivatives of quercitrin and myricitrin.

—0. o]
HO OH
OH
galloyl moiety
Substitution
Compound Name 57 2 3
30 Quercitrin H H H
26 Myricitrin OH H H
34 Quercitrin 2""-0-gallate H Galloyl H
32 Myricitrin 2°*-0-gallate OH Galloyl H
33 Myricitrin 3”"-O-gallate OH H Galloy!
31 Myricitrin 2,3 ""-di-O-gallate OH Galloyl Galloyl
Table 4—Flavanones.
5
Substitution
Compound Name 5 7 8 2 8¢ 4 5
7 Naringenin OH OH H H OH H
46 Eriodictyol OH OH H H OH OH H
43 Lysinonotin OH OH OMe OMe H OMe H
6 Hesperetin OH OH H H OH OMe H
44 Dihydrotricin OH OH H H OMe OH OMe
5 Naringin OH Rha-Glc H H OH H
49 Hesperidin OH -Rha-Glc H H OH OMe H

Their conclusion is that humans absorb quercetin (11) conjugated
with glucose rather than conjugated with rutinose or quercetin
(11) alone. The authors also concluded that the quercetin glu-
cosides were absorbed intact using a sodium-dependent glucose
transporter (SGLT1). On the other hand, it was later found out that
some flavonoid glucosides are hydrolyzed by enzymes in small in-
testine, namely by lactase phloridzin hydrolase in the brush border
of the small intestine epithelial cells. The more lipophilic aglycones
that are released (or in general more lipophilic flavonoids) then en-
ter epithelial cells by passive diffusion facilitated by the proximity of
the cell membrane. An alternative route of hydrolysis is mediated
by cytosolic B-glucosidase (CBG), present in epithelial cells. But,
CBG hydrolysis requires that polar glycosides to be transported
into cells, possible by above mentioned SGLT 1. Therefore, the gly-
cosylation of a flavonoid skeleton and its hydrophilic/hydrophobic
character strongly affect its absorption, which can be very fast or
very slow (Crozier and others 2010).

Some flavonoid metabolites are returned to the lumen of
the small intestine in a process mediated by members of the

724 Comprehensive ReviewsinFoodScience and FoodSafety * Vol. 15,2016

adenosine triphosphate (ATP)-binding cassette (ABC) family of
transporters, including multidrug resistance protein (MRP) and
P-glycoprotein (P-gp). On the other hand, flavonoids have been
shown to inhibit the activity of these transporters (Crozier and
others 2010). After metabolites are absorbed from small intes-
tine into the portal blood, they rapidly reach the liver, where
they can again undergo several Phase I and II metabolic conver-
sions and, in some cases, enter the enterohepatic circulation by
way of the bile and are returned to the small intestine. To deter-
mine how flavonoids are metabolized in the human body, Otake
and others (2002) studied metabolism of a flavonoid galangin in
freshly plated human hepatocytes. The main products were 2 iso-
meric glucuronic acid conjugates and a sulfate conjugate, with
only a minor portion of the oxidation product kaempferol (12).
The conjugation reactions of flavonoids are catalyzed by enzymes
UDP-glucuronosyltransferase or sulfotransferase, whereas the ox-
idation processes are bound to cytochrome P450 enzymes in mi-
crosomes. In humans, the metabolizing enzymes sulfotransferases
(SULT) and UDP-glucuronosyltransferases (UDPG) are classified

© 2016 Institute of Food Technologists®
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Flavonoids versus hydroxyl radical.. .

Table 5-Prenylated and geranylated flavanones.

N
. - Y = prenyl moiety

4
Y -8
5 \(\/\r = geranyl moiety
~ O
Az

Substitution
Compound Name 5 7 8 2’ 4,5
22 - OH OH CH,CH,C(CH3),0H OH R

Substitution
Compound Name 5 6 7 2" 3" 4’ 5°
21 Euchrestaflavanone B OH Prenyl OH OH H OH Prenyl
52 Mimulone OH Geranyl OH H H OH H
51 Diplacone OH Geranyl OH H OH OH H
50 3’-0-methyl- 5" hydroxydiplacone OH Geranyl OH H OMe OH H
Table 6-Flavanonols.

Substitution

Compound Name 3 5 7 3* 4’ 57
45 Fustin OH H OH OH OH H
47 Taxifolin OH OH OH OH OH H
29 Amelopsin OH OH OH OH OH OH

into several subfamilies that are expressed differently in the liver.
The sulfation process is regioselective under the control of dif-
ferent isoforms of SULT. Moreover, some flavonoid structures,
like quercetin (11) and tea flavonoids are prone to O-methylation
by the enzyme catechol-O-methyltransferase (COMT). This re-
action has been studied for quercetin by Zhu and others (1994).
After intraperitoneal administration of quercetin (11) to hamsters,
a urinary extract contained 2 % quercetin (11) and 97 % 3"-O-
methylquercetin (Walle 2004).

Gut microflora is responsible for further metabolism of
flavonoids. It possesses the ability to cleave conjugates and gly-
cosides, and release aglycones. Moreover, the rings of flavonoid
skeleton can also undergo cleavage to form smaller molecules,
which, together with unchanged aglycones can be reabsorbed,
metabolized in Phase [ and II in the liver, and enter the entero-
hepatic circulation or (and this is predominant) be excreted in the
urine (Urpi-Sarda and others 2009). Colonic bacteria decompose
flavonoids into simple phenolic acids that can be absorbed into the
circulating blood. The key point of this process is the scission of
the C ring and the loss of carbons C5-C8 as oxaloacetate, which

© 2016 Institute of Food Technologists®

is eventually metabolized to carbon dioxide. The interaction of
flavonoids with colonic bacteria affects their bioavailability and
could further change their biological effects, including the antioxi-
dant activity. Some examples of flavonoid metabolites produced by
the microflora in the gut are shown in Table 9. Proanthocyanidins
are metabolized to phenylacetic acid (53), mono- and dihydrox-
yphenylacetic acids, mono- and 3,4-dihydroxyphenylpropionic
acids (54), or 4-hydroxybenzoic acid (55). Anthocyanins are con-
verted mainly into protocatechuic acid (56), gallic acid (57), sy-
ringic acid (58), vanillic acid (59), and phloroglucinol (60) (Crozier
and others 2010; De Pascual-Teresa and others 2010; Heinrich
and others 2013). The similar metabolites were described also for
simple organic acid (like chlorogenic acid derivatives) (Yang and
others 2013; Breynaert and others 2015).

In general, antioxidant activity of flavonoids is decreased follow-
ing the metabolic reactions. However, from the results of several
experiments, one can deduce that metabolites of flavonoids are
still able to scavenge radicals and participate in antioxidant re-
actions. The antioxidant activity of metabolites is frequently not
negligible though. Duenias and others (2010) studied antioxidant
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Flavonoids versus hydroxyl radical ... .

Table 7-Flavanols.

OH
4
(+)-catechin (-)-epicatechin
(2R39 g
Substitution
Compound Name 3 57
13 (+)-Catechin OH H
28 (+)-Gallocatechin OH OH
27 (+)-Gallocatechin-3-0-gallate Galloyl OH
1 (—)-Epicatechin OH H
2 (—)-Epicatechin gallate Galloyl H
3 (—)-Epigallocatechin OH OH
4 (—)-Epigallocatechin gallate Galloyl OH
25 Procyanidin B2 Dimer of (—)-epicatechin
23 Procyanidin C1 Trimer of (—)-epicatechin
24 Tetrameric proanthocyanidin Tetramer of (—)-epicatechin
39 Procyanidin B4 (++)-Catechin-(4«-8)- (—)-epicatechin
Table 8—Anthocyanidins.
Substitution
Compound Name 3 5 7 3° 4" 5’
14 Pelargonidin OH OH OH H OH H
15 Cyanidin OH OH OH OH OH H
16 Delphinidin OH OH OH OH OH OH

activity of 3'- and 4"-methylethers of catechin (13) and epicatechin
(1) using the ferric reducing power (FRAP) assay and a method
based on ability to scavenge ABTS™ radical. O-methylation of
hydroxyls of ring B led to decrease of activity. However, these
metabolites still retain significant radical scavenging activity at
pH 7.4, indicating that they could function as potential antiox-
idants in human body. Lotito and others (2011) used FRAP as-
say to determine radical scavenging activity. They found out that
3’-O-methylquercetin and quercetin-3"-O-sulfate showed lower
activity than quercetin itself, but their activity was still 2 times
as high as the Trolox used as a standard. In contrast, activ-
ity of 4°,4""-di- O-methyl-(—)-epigallocatechin-3-O-gallate was
5 times lower than that of its parental compound. Loke and others
(2008) examined inhibition of lipoprotein oxidation by quercetin
and its metabolites. The oxidation was caused by 2,2"-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) and measured
using ferrous oxidation-xylenol orange (FOX) assay. The data
have shown that quercetin (11) was very effective at inhibiting
LDL oxidation at 10 mM. Metabolites 3'-O-methylquercetin and
quercetin-3-O-glucuronide showed slightly lower activity. On the
other hand, quercetin-3"-O-sulfate and 3’-O-methylquercetin-
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3-O-glucuronide were only partially efficient in inhibiting LDL
oxidation at this concentration.

Plants contain almost always mixtures of flavonoids. Therefore,
when discussing antioxidant activity of flavonoids, we must bear in
mind their interactions in those mixtures. Many studies have tried
to predetermine the antioxidant capacity of a given food on the
basis of its flavonoid content and have, in most cases, failed due to
differences between the theoretical and the calculated antioxidant
activity of that given product. Hidalgo and others (2010) measured
the antioxidant activity of various flavonoids by 2 different in vitro
tests: DPPH" radical scavenging activity and FR AP assay. In order
to evaluate the effect of flavonoid interactions on their antioxi-
dant activity they compared the activity of individual flavonoids
with that obtained by mixing them with another flavonoid. The
majority of DPPH" scavenging activities in these combinations
showed antagonism, except for some synergistic interactions such
as kaempferol (12) paired with myricetin (10). In the FRAP assay,
the combination of epicatechin (1) and quercetin-3-O-glucoside
(8) showed the highest synergistic effect, whereas myricetin (10)
with quercetin (11) resulted in an antagonistic effect. lacopini and
others (2008) studied antioxidant activity of various flavonoids in
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Flavonoids versus hydroxyl radical.. .

Table 9-Selected simple flavonoid metabolites.

1
6 2
5 3
4
Substitution
Compound Name 1 3 4 5
53 Phenylacetic acid Acetyl H H H
54 3,4-Dihydroxyphenylpropionic acid Propionyl OH OH H
55 4-Hydroxybenzoic acid COOH H OH H
56 Protocatechuic acid COOH OH OH H
57 Gallic acid COOH OH OH OH
58 Syringic acid COOH OMe OH OMe
59 Vanillic acid COOH OMe OH H
60 Phloroglucinol OH OH H OH

red grape. They also studied potential interactive effects among
them. The results indicated possible synergy between quercetin
(11), rutoside (9) and resveratrol towards ONOQO’. The effect was
additive for catechin (13) and epicatechin (1).

In addition to their antioxidant activity, flavonoids reduce the
incidence of cardiovascular diseases in spite of a parallel high intake
of fat in the diet. This phenomenon is also known as the French
paradox and is associated with moderate and prolonged consump-
tion of red wine containing polyphenols. One of the causes of the
phenomenon is the inhibition of the thrombin receptor-activating
peptide (TRAP) accompanied by ADP-induced platelet aggrega-
tion. De Lange and others (2007) have confirmed this by measur-
ing the effects of polyphenolic grape extract on platelet aggrega-
tion. Borradaile and others (1999) described another mechanism
by which flavonoids help to reduce the incidence of cardiovas-
cular diseases. When rabbits fed a casein-containing diet drank
orange or grapefruit juice instead of water, the concentrations of
low-density lipoprotein cholesterol and hepatic cholesteryl ester
in their serum were reduced. The exact mechanism of action of
the flavonoids hesperetin (6) and naringenin (7) on liver HepG2
cells and on the net apolipoprotein B (apoB) secretion has been
studied. The flavonoids dose-dependently reduced the net apoB
secretion by as much as 81% after a 24-h incubation. Furthermore,
1 C-acetate-labeling studies showed a 50% reduction in cholesteryl
ester synthesis in the presence of either flavonoid, which could ex-
plain the reduction of the net apoB secretion caused by incubation
with these compounds. The expression and secretion of apoB in
liver cells is known to be one of the control mechanisms of low-
density lipoprotein (LDL). The overproduction of LDL may cause
the hyperlipidemia responsible for an increased risk of coronary
heart disease.

In recent years, flavonoids have been investigated intensely as
part of the treatment of various types of cancer. When tested
on a molecular level, flavonoids exert this anticancer activity, for
example, by inhibiting protein kinases (PKs). Under pathological
conditions, the expression and activity of PKs can be deregulated,
leading to alterations in phosphorylation that result in uncontrolled
cell division, inhibition of apoptosis, and other abnormalities. The
deregulation of phosphorylation has been closely linked to can-
cer and other discases, such as diabetes. Morcover, flavonoids in-
hibit cyclooxygenase and lipoxygenases, which are also involved in
cancer and inflammatory pathologies (Cushman and others 1991;
Hashemi and others 2012; Ravishankar and others 2013).

© 2016 Institute of Food Technologists®

A further important mechanism of activity of flavonoids is their
chemopreventive effect via inhibition of certain Phase I and II
metabolizing enzymes (such as cytochrome P450 or glutathione
S-transferase) which metabolically activate a large number of pro-
carcinogens triggering carcinogenesis. The chemopreventive ef-
fects of flavonoids are closely linked to their anticancer properties
that involve the scavenging of ROS and growth-promoting oxi-
dants (Tsyrlov and others 1994; Ravishankar and others 2013).

Flavonoids, especially in oxidized forms (phenoxyl radicals or
quinone intermediates) and in greater concentrations, can behave
as pro-oxidants. This is sometimes also regarded as an anticancer
effect, because it may lead to the apoptosis of tumor cells; however,
the pro-oxidant mechanisms involve DNA fragmentation, usually
in the presence of transition metals, which can lead to mutation
or cell death. Other effects of flavonoids via pro-oxidation include
mitochondrial dysfunction and the induction of apoptosis in tumor
cells (Rahman and others 1990; Galati and O'Brien 2004).

How do we measure the scavenging activity of the hydroxyl
radical?

There are various ways of measuring the scavenging activity of
‘OH. The choice of method substantially influences and deter-
mines the results. Obviously, we cannot expect the same results
for all of the different methods used to measure "OH scavenging
in antioxidant activity assays of flavonoids. Basically, there are 2
main steps in the procedure of “OH-scavenging methods: (i) pro-
duction of “OH: this includes the employment of various physical
processes, such as pulse radiolysis, y-irradiation, or UV photolysis
of H,O», and also different chemical reactions, among which the
most widely used is the Fenton reaction; (i) reaction of "OH with
a suitable probe and the consequent detection of a reaction prod-
uct or corresponding change in some physical parameter. Because
"OH is a very reactive substance, it is not possible to measure its
presence and concentration directly; but the first reaction of "“OH
with another molecule, a probe or trap, followed by the detection
of a reaction product is crucial.

It is also critical to point out that there is a difference be-
tween "OH scavengers and antioxidants. The mechanism of ac-
tion of "“OH scavengers is the direct scavenging, or quenching, of
the "OH, whereas antioxidants include "OH scavengers as well as
compounds that counteract oxidizing precursors (such as H,O5),
chelate metal ions and boost the antioxidant enzyme activity and
production. This review focuses primarily on “OH scavengers and
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Flavonoids versus hydroxyl radical ... .

the specific methods used to detect their activity. Physical meth-
ods of producing "OH are preferred to measure specifically the
‘OH-scavenging activity, because when the Fenton reaction is
used to produce "“OH, the measured antioxidant exerts the "OH
scavenging and metal-chelating activity in the experiment.

One further requirement is necessary for both approaches. The
scavenger or antioxidant should not interfere with the detection
mechanism. For example, the compound tested should not alter
or diminish the spectra in the measurement of DMPO-"OH. Sim-
ilarly, the compound should not form a false chromogen in the
deoxyribose method.

Production of hydroxyl radical. The foremost place among all
the methods of producing the hydroxyl radical is held by pulse
radiolysis because of the selectiveness of production and the later
scavenging of the "OH. It s also the definitive technique for inves-
tigating reactions between antioxidants and *OH and for measur-
ing their reaction rates (Butler and others 1988; Halliwell 1995).
The disadvantages are the need for sophisticated instrumentation
and the cost.

The radicals are usually formed in a reaction cell by a rapid pulse
of high-energy electrons coming from a linear accelerator. Many
radicals absorb or emit light at wavelengths different from the
parent molecule, so the progress of the reaction can be followed
by the changes in the spectra (Halliwell and Gutteridge 2007).
One advantage of the pulse radiolysis method is that it does not
use a probe to detect "“OH and is therefore excepted from the rule
mentioned above.

Various chemical species are formed during the radiolysis of
water. The rapid pulses of high-energy electrons are readily ab-
sorbed by molecules of water and ionization and excitation occur.
Molecules of water in an excited state undergo rapid homolytic
fission to form "H and "OH in 107" to 10713 5 (Eq. 2). Apart from
this, clusters of molecules of water surround electrons to produce
hydrated electrons. Hydrated electrons are extra electrons solvated
in liquid water; they owe their existence to the electron-dipole
interactions in water. They are symbolized as ¢,q~, where “aq”
means “aqueous.” The species formed are initially concentrated
in microregions called spurs, but in about 107 s the solution
becomes homogeneous (Halliwell and Gutteridge 2007).

The process of radiolysis of water can be summarized by this
reaction (Houée-Levin and Bobrowski 2013):

H,O(e ™)~ "OH (0.28), "H (0.062) , ¢,q~ (0.28) )

The numbers in parentheses are the radiation chemical yields
of the primary products (G-values) in gmol/J. About half of the
radicals produced are "OH. To achieve nearly selective formation
of “OH the solution must be saturated with N>O (Eq. 3) (Houée-
Levin and Bobrowski 2013).

ey +N20 = No+ O~ (+H,0) — No+"OH + OH™ (3)

Ionizing radiation is a form of electromagnetic radiation con-
sisting mainly of y-rays and X-rays. Gamma-rays (y-rays) have
frequencies above 10! Hz and wavelengths less than 10 pm. The
"OH is usually generated by applying y-irradiation to molecules
of water, resulting in the homolytic fission of the water molecule
to form hydroxyl radicals. The y-rays are usually produced by
the radioactive decay of ®’Co, which is a continuous source,
as compared to pulse radiolysis (Halliwell and Gutteridge 2007;
Houée-Levin and Bobrowski 2013). Another way to achieve the
homolytic fission of water that is used to generate "OH is the UV
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photolysis of H>O» (Eq. 4) (Halliwell and Gutteridge 2007).
H,O0,— ‘OH + *OH 4)

The Fenton reaction is the most important of the chemical re-
actions used to produce "OH for measuring antioxidant activity
(Eq. 5). In 1894, Fenton (1894) published an article describing the
oxidation of tartaric acid in the presence of ferrous ions and hy-
drogen peroxide. The reaction was named after Fenton, although
he never wrote it. Haber and Willstitter proposed the classical
radical mechanism in 1931 (Barbusiniski 2009).

Fe’* + H,05 — Fe’* + OH™ +"OH (5)

Since the time of publication there has been an ongoing dis-
cussion and controversy concerning the reaction mechanism. Bray
and Gorin (1932) presented a nonradical mechanism resulting in
ferryl species (FeO?T), where iron is in the oxidation state +IV
(Eq. 6). This ion is very reactive and readily oxidizes other com-
pounds. Halliwell and Gutteridge reported that the majority of
the evidence favors "OH as the primary damaging specics, but
other ROS may be generated along the pathway to the formation
of "OH. Thus they extended the classical Fenton reaction (Eq. 7)
(Halliwell and Gutteridge 2007).

Fe?* 4+ H,0, — FeO?*" + H,O ()

Fe?t + H,0, — intermediate oxidizing species — Feo™
+ OH +"OH @)

Minero and others (2013) confirmed this hypothesis using
stopped-flow spectrophotometry and methyl yellow as the sub-
strate for the reaction. According to their findings both "OH and
some other oxidizing species are formed in the Fenton reaction.
The exact ratio of the products depends on the reaction pH. Ya-
mazaki and Piette (1991) obtained similar results. They used 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping probe
for the "“OH generated by the Fenton reaction and UV photolysis.
After the Fenton reaction the "OH was not totally free in solution
as compared to the photolysis experiment. Ferryl species were also
detected in the reaction, depending on the type of chelator used.

Various reactants can be utilized in the methods used to de-
terminate the "OH-scavenging activity. For example, Benherlal
and Arumughan (2008) used FeCl, and H>O» as reactants, thus
performing the classical Fenton reaction (Eq. 5). The reaction
can be modified by the presence of a chelator, for example,
ethylenediaminetetraacetic acid (EDTA) (Tai and others 2002)
or diethylenetriaminepentaacetic acid (DTPA) (Tsuda and others
1996). EDTA has also been employed as the chelator in the de-
oxyribose damage assay used to determine the "“OH-scavenging
activity,. When Arouma and others (1987) omitted EDTA, the
reaction became “site-specific,” because iron was bound to the
deoxyribose molecule causing damage “on-spot.” This modifica-
tion was later used to identify the ability of different compounds
to chelate metals and, thus, to reduce the production of “OH. In
addition to ferrous ions, ferric ions can be used to generate "OH.
Ferric ion must first be reduced and can then undergo the Fenton
reaction (Eq. 8) (Halliwell and others 1987). Using ascorbate these
reactions form a cycle.

Fe®* 4 ascorbate — Fez++dehydroascorbate (8)
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Flavonoids versus hydroxyl radical.. .

Arimboor and Arumughan (2012) omitted H,O» from the re-
action mixture, but "OH was still generated by a process called
“iron-autooxidation.” The mechanism of reaction proposed by
Genaro-Mattos and others (2009) is shown in reactions 9 and 10.
The H>O» formed in reaction 10 subsequently undergoes the
Fenton reaction (Eq. 5).

F?t + 0, » F&T 4+ 0,7 9)

20, 4+ 2H" > H,O, + O (10)

It has also been found that other metal ions, such as copper or
cobalt, can undergo the Fenton reaction (Ou and others 2002;
Treml and others 2013). When copper is added to a Fenton re-
action mixture as cupric ion (Cu®*), it must be reduced in a way
similar to the ferric ion in reaction described by Eq. 8, because the
Fenton reaction always starts with the lower oxidation state (Cu™)
(Treml and others 2013).

There are various methods that use cell cultures to determi-
nate the "OH-scavenging activity. Chen and others (2002) gen-
erated "OH via the reaction of ascorbate, HO,, and CuSQOy in
a yeast culture. Harris and others (2006) used the RAW 264.7
macrophage-like cell line, which was activated by lipopolysaccha-
ride (LPS) and produced the superoxide radical (O,7") and H,O,.
These 2 subsequently formed "“OH (Eq. 11). This reaction is often
called “the superoxide-assisted (or -driven) Fenton reaction” and
is catalyzed by iron (Halliwell and Gutteridge 2007).

H,O, + 0, — OH + "OH+0» (11)

Ozgovi and others (2003) used rat liver microsomes and ex-
amined the influence of antioxidants on the lipid peroxidation
induced by "OH. An NADPH-generating system was used to
produce "OH: NADDP, glucose-6-phosphate, MgCl, and glucose-
6-phosphate dehydrogenase. NADPH then participated in the re-
action with the cytochrome P-450 obtained from the microsomes.
Albano and others (1987) suggested that various ROS are formed
in the liver microsomes and, among these, H>O» is involved in
the Fenton reaction and the production of "OH.

Reaction of hydroxyl radical with a probe and detection. The
“OH formed in step (i) must be detected in step (ii) via reaction
with a probe. The only exception is the method of pulse-radiolysis,
which does not use a probe and directly measures the production
of radicals. The probe can also be called a trap. “OH reacts with
the trap molecule to form 1 or more stable products that are then
detected. Another approach used to evaluate the hydroxyl radical
scavenging is called “fingerprinting.” The principle of fingerprint-
ing is to measure the damage caused by "OH rather than detecting
the species itself. The chemical attack on a biomolecule leaves a
unique “fingerprint” (Halliwell and Gutteridge 2007).

Reactions of antioxidants with “OH can be measured by elec-
tron spin resonance (ESR), sometimes called electron paramag-
netic resonance (EPR). ESR is a spectroscopic method that de-
tects the presence of unpaired electrons; it is therefore specific
for free radicals. The technique is not sufficiently sensitive to de-
tect the presence of "OH directly, and thus an adequate spin-
trapping compound is needed (Halliwell and Gutteridge 2007).
One of the frequently used spin-traps is 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), which reacts very specifically with “OH at a
high rate (Figure 4). Thus, this technique can be considered to be
the second-best option after pulse-radiolysis (Halliwell 1995). The

© 2016 Institute of Food Technologists®
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Figure 4—Reaction of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) with *OH.

DMPO-"OH adduct can also be detected by HPLC using elec-
trochemical detection (Husain and others 1987). Other spin-traps
are also utilized to detect “OH, for example, phenyl-t-butylnitrone
(PBN) (Harbour and others 1974).

Although pulse-radiolysis is by far the best method for deter-
mining the “OH-scavenging activity, it is quite expensive and re-
quires instrumentation. Therefore, Halliwell and others (1987) de-
veloped a new, simple “test-tube” deoxyribose method. The mix-
ture producing "“OH was incubated with the deoxyribose probe for
1 h at 37 °C. The reaction was stopped by adding trichloroacetic
acid. The mixture was again incubated for 1 h at 80 °C with thio-
barbituric acid (TBA). In this process, the deoxyribose molecule
is attacked by "“OH (Kaur and others 2010). The products of the
damage are mainly malondialdehyde (MDA) and other MDA-like
products. The reaction of MDA and MDA-like products results
in the formation of a pink MDA-TBA, adduct (Figure 5) that
could be detected either spectrophotometrically (at 532 nm) or
fluorimetrically (with excitation at 532 nm and emission at 553
nm) (Biaglow and others 1997; Kaur and others 2010).

Separating the MDA-TBA, adduct by HPLC and detecting
and quantifying it with a fluorescence detector can improve this
procedure (Genaro-Mattos and others 2009). Another approach is
to separate the free MDA with HPLC and detect it directly with
UV at 270 nm (Cheeseman and others 1988). However, there has
been some criticism of methods using MDA as a mediator for the
determination of *OH, mainly because they are rather unspecific.
For instance, it is also used for testing lipid peroxidation. Another
doubtful point is that only a small percentage of the deoxyribose
is converted to TBA-reactive substances and we cannot properly
assay the "OH scavenging activity of phenolic compounds, which
can show pro-oxidant activity in the Fenton reaction (Bektasoglu
and others 2006).

There is another group of compounds used as probes for "OH
scavenging. Their common structural feature is an aromatic skele-
ton. The principle of their reaction with "OH is aromatic hy-
droxylation (Figure 6). Diez and others (2001) reported that the
most specific probe is salicylic acid because of its high reaction
rate with "OH (5 x 10 M~ x s7!) and the relative stability
of the resulting products, which can be separated and measured
by HPLC-ECD. Another method of separating and measuring the
products of hydroxylation of salicylic acid was used by Paulovi and
others (2000)—HPLC with UV detection at 270 nm. Contrary to
the previous conclusion, Singh and Hider (1988) have suggested
that salicylic acid suffers from several disadvantages as a probe for
"OH. According to their findings, the hydroxylation of salicylic
acid leads to the formation of catechol, which forms complexes
with iron ions and as feedback can interfere with the Fenton
reaction. Therefore, they designed a new probe with trisubsti-
tution at the C-1, C-3, and C-5 positions of the aromatic ring
to prevent the formation of catechol. Hydroxylation of this new
probe, N,N'-(5-nitro-1,3-phenylene)bisglutaramide, increased the
absorbance measured at 430 nm. The amino acid phenylalanine is
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